Methionine (Met) is prone to oxidation and can be converted to Met sulfoxide (MetO), which 15 exists as R-and S-diastereomers. MetO can be reduced back to Met by the ubiquitous 16 methionine sulfoxide reductase (Msr) enzymes. Canonical MsrA and MsrB were shown as 17 absolutely stereospecific for the reduction of S-and R-diastereomer, respectively. Recently, the 18 molybdenum-containing protein MsrP, conserved in all gram-negative bacteria, was shown to 19 be able to reduce MetO of periplasmic proteins without apparent stereospecificity in 20 Escherichia coli. Here, we describe the substrate specificity of the Rhodobacter sphaeroides 21 MsrP. Proteomics analysis coupled to enzymology approaches indicate that it reduces a broad 22 spectrum of periplasmic oxidized proteins. Moreover, using model proteins, we demonstrated 23 that RsMsrP preferentially reduces unfolded oxidized proteins and we confirmed that this 24 enzyme, like its E. coli homolog, can reduce both R-and S-diastereomers of MetO with similar 25 efficiency. 26
Introduction 27
Aerobic life exposes organisms to reactive oxygen species (ROS) derived from 28 molecular oxygen, such as hydrogen peroxide (H2O2) or singlet oxygen ( 1 O2). Bioenergetics Da; 2, 24021.6 Da; 3, 24035.9 Da; 4, 24075.0 Da; 5, 24089.1 Da; 6, 24127.5 Da; 7, 24142.5 138 Da. B) β-casein was oxidized with 50 mM H2O2 before MS analysis. All major peaks undergone 139 an increase of ~ 96 Da compared to the non-oxidized sample. Main peaks masses: 1, 24079.1 140 Da; 2, 24118.5 Da; 3, 24131.8 Da; 4, 24172.2 Da; 5, 24184.3 Da; 6, 24224.4 Da; 7, 24238.2 141 Da. C) Oxidized β-casein was incubated with RsMsrP (25 nM) in presence of BV (0.8 mM) 142 and sodium dithionite (2 mM) as electron donors. All major peaks had masses corresponding The RsMsrP preferentially reduces Met-R-O but acts effectively on Met-S-O too 181 To gain insight into the substrate preference of RsMsrP toward one of the diastereomers 182 of MetO, we performed kinetics analysis using the oxidized β-casein containing the R or S 183 diastereomers of MetO (Table 1; Figure S4 ). With the protein containing only the R- were not fully reduced, as indicated by the presence of a peak corresponding to a portion of 204 β-casein not fully reduced in Figure 1C ). To compare the catalytic parameters, the data were 205 normalized by multiplying the KM by these apparent stoichiometries, yielding values per MetO 206 reduced and thus allowing the removal of variation due to the different numbers of Met-R-O or 207 Met-S-O reduced. The catalytic efficiencies were thus 230,000, 300,000 and 80,000 M -1 .s -1 for 208 the oxidized β-casein, the β-casein-R-O and the β-casein-S-O, respectively (Table 1) . The 209 highest value was thus those obtained for the β-casein containing only the R form of MetO, 210 indicating that this diastereomer was the preferred substrate for the RsMsrP. However, the value (Table S1 ). This first result indicates that the RsMsrP is very likely able to reduce 226 MetO from numerous proteins and to restore an oxidation rate similar to that of the periplasmic 227 extract that has not undergone any oxidation.
13
The identification of preferential RsMsrP substrates requires the precise comparison of 229 the oxidation state of Met residues from periplasmic proteins before and after the action of the 230 enzyme. After tryptic digestion, since most of the Met/MetO-containing peptides were found 231 in low abundance (i.e. with very low spectral counts), we focused on the proteins robustly 232 detected in all samples. We selected the Met-containing peptides for which at least 10 spectral 233 counts were detected in two replicates for each condition (i.e. untreated periplasm, oxidized 234 periplasm and repaired oxidized periplasm) and at least 7 spectral counts were found in the third 235 replicate. This restricted the dataset to 202 unique Met belonging to 70 proteins (Table S2 ).
236
Overall percentage of Met oxidation (calculated as the number of spectral counts for a MetO-237 containing peptide vs. the total number of spectral count for this peptide) varied from 2% to 238 87%, from 9% to 100% and from 4% to 91% in periplasm, oxidized periplasm and repaired 
245
No clear evidence of sequence or structure characteristic arose from these 70 identified 246 proteins, neither in term of size or in Met content (Table S2 ). The periplasmic chaperone SurA, 247 the peptidyl-prolyl cis-trans isomerase PpiA, the thiol-disulfide interchange protein DsbA, the 248 spermidine/putrescine-binding periplasmic protein PotD and the ProX protein were previously 249 proposed as potential substrates of the EcMsrP (Gennaris et al., 2015) . All these proteins 250 contain at least one MetO among the most efficiently reduced by the RsMsrP (Table S2) , 251 indicating that they are potential conserved substrates of MsrP enzymes in E. coli and R. 252 sphaeroides, and very likely in numerous gram-negative bacteria.
14
The sensibility to oxidation of the Met belonging to these 70 proteins, and their 254 efficiency of reduction by the RsMsrP show a wide range of variation, from Met highly 255 sensitive to oxidation and efficiently reduced to Met barely sensitive to NaOCl treatment and 256 not reduced by RsMsrP (Table S2) Figure 3E ). Twenty-one Met were oxidized at 50 % or 266 more and reduced by 50 % or more by RsMsrP (Table S2 ). Altogether, these results show that Figure 4A shows that MetO-containing sequences were mainly depleted of His 292 and aromatic or hydrophobic residues (Trp, Phe, Tyr, Leu, Ile) and were mainly enriched of 293 polar or charged amino acids (Asn, Gln, Asp, Glu and Lys). This suggests that Met in a polar 294 environment, as commonly found at the surface of proteins, are very likely more susceptible to 295 oxidation than those located in hydrophobic environments as in the protein core. We then 296 compared all these unique MetO-containing peptides to all the Met-containing peptides from 297 the same samples ( Figure 4B ), and we observed that principally Trp, along with His, Tyr and 298 Cys, were depleted around the potentially oxidized Met. Strikingly, the only amino acid 299 significantly more abundant around an oxidized Met was another Met in position -2 and +2. 300 These results indicate that oxidation sensitive Met might be found as clusters. To identify potential consensus sequence favorable to MetO reduction by the RsMsrP, 311 we performed a precise comparison of the percentage of oxidation before and after the action 312 of the enzyme. We thus defined two criteria to characterize the reduction state of each Met: i) 313 the percentage of reduction calculated using the formula described in Table S2 and Figure 4B ), and indicates that 341 potential clusters of MetO could be preferred substrates for RsMsrP. We found 16 peptides 342 containing 2 or 3 MetO, reduced at more than 25 % by RsMsrP (Table S2 ). This was illustrated, (Table S2 ).
346
From this analysis, the only depleted amino acids appeared to be Thr and Pro in positions 347 -4 and -3 ( Figure 4C ). To validate these results, we designed two peptides, Figure S6 ). The 351 results showed that the peptide QWGAGM(O)QAEED was efficiently reduced, with the 352 highest kcat value from all the substrates we tested (~ 480 s -1 ) and a KM of ~ 4,500 µM. This 353 yield a kcat/KM of ~ 100,000 M -1 .s -1 , which is 2 order of magnitude higher than the one 354 determined for the free MetO, and 10-fold lower than for the oxidized β-casein (Table 1) . On 355 the contrary, the peptide TTPGYM(O)EEWNK was not efficiently reduced by RsMsrP (Table   356 1; Figure S6 ). Indeed, we could not determine the kinetics parameters as activity value curve 357 never reached an inflection point using concentration as high as 5,000 µM. The maximal kcat 358 value was determined at ~ 70 s -1 at 5,000 µM of peptide, which is ~ 3.5-fold less than the one 359 determined with the same concentration of the other peptide (~ 250 s -1 ) ( Figure S2 ). These The RsMsrP preferentially reduces unfolded oxidized proteins 376 To test whether structural determinants affect RsMsrP efficiency of MetO reduction, we 377 compared its activity using oxidized model proteins, either properly folded or unfolded. We 378 started with the chicken lysozyme as it is a very well folded protein highly stabilized with four 379 disulfide bonds (Ray et al., 2001) . We oxidized it with H2O2 and checked its oxidation state by 380 mass spectrometry ( Figure S7) . Surprisingly, using a protocol similar to the one allowing the Figure S8 ).
396
Mass spectrometry analysis showed that the RsMsrP was able to completely reduce the 397 oxidized lysozyme in these conditions ( Figure S7 ), suggesting that observed differences of 398 repair between the folded-and unfolded-oxidized lysozyme were not due to the incapacity of 399 the RsMSRP to reduce some MetO, but were due to kinetics parameters. We thus determined 400 the kinetic of reduction of these proteins by the RsMsrP (Table 1, Figure S8 ). With the oxidized 401 lysozyme, the kcat and the KM were ~ 4 s -1 and ~ 900 µM, respectively. Using the unfolded 402 oxidized lysozyme, the kcat increased to ~ 7 s -1 and the KM decreased to ~ 100 µM. The catalytic 403 efficiency determined with the unfolded oxidized lysozyme was thus ~ 18-fold higher than the 404 one determined using the oxidized lysozyme before unfolding (70,200 vs. 4 ,000 M -1 . s -1 ).
405
Similar results were obtained with the GST. Indeed, with the oxidized GST, we recorded kcat 406 and KM values of ~ 8 s -1 and ~ 640 µM, respectively whereas for the unfolded oxidized GST, 407 the kcat was slightly higher (~ 12 s -1 ), and the KM was ~ 6-fold lower (~ 100 µM). The catalytic 408 efficiency was 10-fold higher for the unfolded oxidized GST than for its folded counterpart 409 (Table 1; Figure S8 ). Altogether, these results showed that the RsMsrP is more efficient in peptides, we showed that RsMsrP is a very efficient protein-containing MetO reductase, with 436 apparent affinities (KM) for oxidized proteins 10 to 100-fold lower than for the tripeptide Ser-
437
MetO-Ser or the free MetO (Table 1) (Table 1) .
441
To find potential physiological substrates of RsMsrP and uncover their properties, we 442 used a proteomic approach aiming to compare the oxidation state of periplasmic proteins after 443 treatment with the strong oxidant NaOCl, then followed by RsMsrP reduction. We found 202 444 unique Met, belonging to 70 proteins, for which the sensitivity of oxidation and the ability to 445 serve as RsMsrP substrate varied greatly (Figure 3 , Table S2 ). MetO efficiently reduced by 446 RsMsrP belong to structurally and functionally unrelated proteins, indicating that RsMsrP very 447 likely does not possess specific substrates and acts as a global protector of protein integrity in 448 the periplasm. Interestingly, we observed from our IceLogo analysis that Met sensitive to 449 26 oxidation are generally presented in a polar amino acid environment and can be found in cluster 450 (Figure 4) . These properties might be common to all Met in proteins as similar results were 451 found in human cells (Ghesquière et al., 2011; Hsieh et al., 2017) Comparison of the RsMsrP activity using folded or unfolded protein substrates 467 (lysozyme and GST) showed that it is far more efficient to reduce unfolded oxidized proteins 468 ( Figure 6 ). Similar results were found for canonical Msrs (Tarrago et al., 2012) . In the case of 469 the MsrB it was because more MetO were accessible for reduction whereas for MsrA this 470 increase was independent of the number of MetO reduced. Here, the use of the lysozyme 471 containing only one MetO ( Figure S7 ) undoubtedly showed that the increase in activity is not This should provide a physiological advantage to the bacteria during oxidative attacks, which 476 could occur during other stresses such as acid or heat, hence promoting simultaneous oxidation 477 and unfolding of proteins. Particularly, hypochlorous acid, shown to induce msrP expression in 478 E. coli (Gennaris et al., 2015) and A. suillum (Melnyk et al., 2015) has strong oxidative and 479 unfolding effect on target proteins (Winter et al., 2008) . , 1979; Grimaud et al., 2001; Kumar et al., 2002; Lowther et al., 2002; Moskovitz et al., 2002; 489 Sharov et al., 1999; Vieira Dos Santos et al., 2005) , as well as for the free Met-R-O reductase 490 (Le et al., 2009; Lin et al., 2007) and for the molybdoenzymes DMSO reductase (Abo et al., 491 1995; Weiner et al., 1988) and BisC/Z (Dhouib et al., 2016; Ezraty et al., 2005) . To evaluate 492 the potential lack of stereospecificity of the RsMsrP, we chose to use a strategy different than we did not detect any activity ( Figure S9 ). Although it could be because of an incompatibility 508 in redox potential, it may indicate that this form of oxidized Met cannot reach the catalytic 509 atom. The three-dimensional structure of the oxidized form of E. coli MsrP indicated that the 510 molybdenum atom, which is supposed to be the catalytic center of the enzyme, is buried 16 Å 511 from the surface of the protein (Loschi et al., 2004) . The next challenge will be to understand 512 the MsrP reaction mechanism and will require the determination of the enzyme structure in its 513 oxidized and reduced forms bound to its MetO-containing substrates. Protein quality control is a vital cellular process. The cell envelope and the periplasm of gram-negative 517 bacteria are particularly exposed to oxidative molecules damaging proteins. Methionine residues are prone 518 to oxidation, and can be converted to two diastereomers, R and S, of methionine sulfoxide (MetO). Almost 519 all organisms possess the thiol-oxidoreductases, methionine sulfoxide reductases (Msr) A and B able to 520 reduce the S-and R-MetO, respectively, with a strict stereospecificity. Recently, a new enzymatic system, 521
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